Abstract-Detecting local light incident angle is a desirable feature for CMOS image sensors for 3D image reconstruction purposes and depth sensing. Advances in the CMOS technologies in the last years have enabled integrated solutions to perform such a job. However, it is still not viable to implement such a feature in regular CMOS image sensors due to the great number of pixels in a cluster to perform incident angle detection. In this paper, a hybrid cluster with only four pixels, instead of eight pixels of previous solutions, that is able to detect both local light intensity, incident angle and Stokes parameters is presented. The technique to detect local incident angle is widely exploited in the literature. Three novelties are explored in this work, the first is the new paradigm in polarization cluster-pixel design, the second is the extended ability of metal shielded pixels to detect both the local light angle and intensity and the third is to determine the Stokes parameters through this sensor. SPICE simulation results show that the existing Quadrature Pixel Cluster (QPC) and Polarization Pixel Cluster (PPC) models are in accordance with experimental results presented in the literature, and thus it was possible to demonstrate similar behavior in the new proposed pixel cluster.
I. INTRODUCTION
The applications of image sensors in our daily life are greatly varied. Capturing 3D information or depth sensing is essential for many applications including object classification [1] [2] [3] , navigation [4] , refocus on complex visual scenes [5] , image polarization contrast in biological tissues [6] [7] [8] , improved vision in cloudy conditions [9] , face recognition, 3D computer games, and varied viewpoints of the same image. Therefore, improvements in depth sensing and 3D image capture have become an important target in the image sensor field. In order to provide solutions to this problem, many methods for 3D image capture have been proposed in the literature, including Time-of-Flight, multi apertures, Talbot's diffraction pixel set, polarization and quadrature pixels [5, 10] . All of these methods have their advantages and disadvantages, however, in this paper only the characteristics of the polarization and quadrature sets will be analyzed.
The sensor array of photo detectors is covered with an array of pixel-pitch matched microwire polarization filters. A pattern of the polarization filter array is shown in Fig. 1 and it is composed of 4 distinct filters which are offset by 45 degrees: 0º, 45º, 90º and 135º (the same angle of -45º) and these sensors are known as division of focal plane DoFP [11] , as shown in Fig.1 . The orientation of the polarizers will be discussed in the following sections. The state of the art in light incident angle detection employs two sets of different pixels [10] , which use the same photodiode layout, but with different metal structures on their surface. The first is the polarization pixels cluster (PPC) composed of four pixels, A, B C and D, as shown in Fig. 2(a) . The PPC embeds an unshielded pixel for local light intensity detection, a horizontal grated pixel strongly sensitive to 90º polarized light, a vertical grated pixel strongly sensitive to 0º polarized light, and a 45º sensitivity pixel used to determine the Stokes parameters [4, 10, 12] . The second set of pixels, to determine the incident angle sign is the quadrature pixel cluster (QPC) with a block of metal on the top of the four photodiodes [13] [14] , as shown in Fig. 2(b) . Apart from the metal grading scheme, all four pixels of the PPC and QPC have the same dimensions and circuit topology. The three-dimensional view of the PPC and the QPC are presented in Figs. 3 and 4, respectively. In these figures the light source is at the top of the pixel. In Fig. 3 the reference polarization angles are shown and in Fig. 4 the angle of incidence is referenced. The PPC presents high sensitivity to both light polarization and local incident angle [4, 10, 15] . It is shown to be far more sensitive to incident angle variation than the classical Talbot's pixel [10] . To determine the local light incident angle, only the horizontal and vertical grated pixels of the PPC are necessary [4, 10] . However, positive and negative angles produce the same PPC output and therefore an additional method is required to determine the incident angle sign [10] .
In order to determine the incident angle sign the (QPC), that produces a fairly weak but linear response proportional to angle variation, was employed in [4, 10, 15] . The QPC is much less sensitive to angle variation than the PPC, notwithstanding its output is not symmetric around zero. Therefore, this cluster can be employed to determine the incident angle sign.
Despite the solution proposed in [10] being so far the best known solution for local intensity and angle detection, the need of such a large pixel cluster reduces a lot the imager resolution. If the 45º sensitivity pixel of the PPC is not taken into account, it is necessary at least seven pixels to perform the job. Therefore, an imager array employing this method presents a maximum resolution of 1/7th of its total array resolution.
In this paper, the behavior of the photocurrents in the QPC and PPC pixels as a function of pixel grating, local light intensity, polarization and incident angle is evaluated in SPICE circuit simulator, as well as the early extraction of the Stokes parameters. The results are employed as the basis to the new compact pixel cluster that is able to replace the QPC and PPC. The new pixel cluster is a hybrid polarization quadrature pixel cluster (HPC). It employs only four pixels to detect both the local light intensity and its incident angle. Moreover, the resolution of an imager array employing the proposed pixel cluster can be extended to its full potential resolution, as will be shown along this text.
The paper is organized as follows: details of the proposed hybrid pixel cluster are presented in Section II. The grated dependent photocurrent model of the quadrature and polarization are described in Section III. A short theory about Stokes parameters and degree of linear polarization DoLP are described in Section IV. Simulation results and discussions showing the viability of the proposed solution are presented in Section V. The conclusions drawn from this work are given in Section VI.
II. THE HYBRID PIXEL CLUSTER
Employing different pixel clusters as in [10] reduces the resolution of the imager sensor, thus more compact pixel clusters are desirable. To attenuate this problem, a new approach using features of both the PPC and QPC is proposed in this paper. The new HPC is a hybridization of the two previous pixel clusters, where both the 45º sensitivity pixel and the light intensity detection pixel of the PPC cluster, pixels A and C in Fig. 2(a) , are replaced by two QPC pixels, resulting thus in the pixel cluster presented in Fig. 5 . The two HPC grated pixels B and D still have the same function as that of the PPC cluster. Whereas the two other pixels A and C have two different jobs, the first is to compose two different QPC clusters, and the other is to detect the local light intensity. All the four pixels of the proposed pixel cluster have the same schematic topology, presented in Fig. 6 , that is similar to the one employed in [16] [17] with the reset drain terminal (RDR) connected to VDD. An example of array pattern formed by 16 units of the proposed HPC cluster is presented in Fig. 7(a) with colored circles defining the positions where the image is formed in the array with its #number of identification in Fig. 7(b) .
Besides being a more compact pixel cluster, the other advantage of the HPC is its ability to detect the light intensity using the pixels A and C. For the same light intensity level, the output results of pixels A and C will be dependent upon the local light incident angle. However, either the sum or average of the two output results is independent of the local light incident angle in the complete angle detection range. The results presented in [14] show that the complete angle detection range for the QPC cluster is between -45º and 45º.
The shielded area in the pixels A and C reduces their sensitivity, and for a given light intensity, the average of the two outputs will be lower than the output of the unshielded pixel A of the PPC in Fig. 3 . Notwithstanding, as it will be shown in the Section III, the reduced sensitivity is not as deleterious as it seems and do not hinders the usability of the proposed method for local light intensity detection.
In the PPC, Fig. 3 , the intensity pixel A is employed to normalize the response of the polarization pixels B, C, and D [4, 6] , because this pixel is used to measure the intensity of the light without metal grid, serving as a reference value. The pixel cluster presented in [6] has the same dimensions of the HPC proposed in this work, however it does not have the ability to determine the incident angle sign. Notwithstanding, it is possible to determine the local light intensity in a polarization pixel as done in [11] , even without the specialized light intensity detection pixel as in the PPC.
Results presented in [13] show that the QPC angle sensitivity does not present significant change for a large range of metal shielding ratio of the pixel photosensitive area, 30% to 70%. Thus the shielded area of the pixels A and C of HPC cluster was designed to be 25% of the pixel photosensitive area. Therefore, the averaged output of the pixels A and C of the HPC yields a response at least 75% of the specialized light sensitive pixel of the PPC cluster in Fig.  2 (a). The proposed HPC produces a virtual light intensity response in the center of the pixel cluster in one of its pixels as in the case of the PPC, shown by the red circles #4 in Fig. 7(b) . In spite of the reduced light intensity sensitivity, the resolution of an array employing the HPC cluster is increased to 1/4th of its total array resolution that is 75% higher than that produced in [14] . A three-dimensional view of the 16 HPC units in Fig. 7 (a) is presented in Fig. 8 .
Considering the center of the HPC as reference, red circles #4 in Fig. 7 (b) the averaged response of the two nearest QPC around the center of an HPC, yellow circles #1 in Fig.7 (b), can be employed to determine the local incident angle sign. The modulus of the incident light angle is determined by the two grated pixels of the HPC cluster as done in [10] . In order to further improve the HPC image resolution, the center of the QPCs of the array can be considered a secondary reference. The mean of the four QPC pixels, yellow circles #1 in Fig. 7 (b), can be employed as the light intensity level for these positions. The average results of the four horizontal grated pixels adjacent to the black circles #5 and the four adjacent vertical grated pixels around each blue circle #3 can be used to determine the magnitude of the local angle of incidence and the polarization of the light source. The angle sign for the yellow circles #1 is determined by the response of its own QPC cluster.
Moreover, the averaged responses of two adjacent HPC groups (red centers #4) can be used to produce a reasonable result for the green circle #2 positions in Fig. 7 (b). Following this procedure, the mean response of four adjacent HPC clusters (red centers #4) can be used to produce a reasonable result for the green circle #2 positions in Fig. 7 
(b).
Such an approach leads to a virtual full resolution imager array with local light intensity, local incident angle, and local light polarization information for each position, as defined by the colored circles in Fig. 7(b) , of an imager using the proposed HPC solution. The problem with the reduced light intensity sensitivity of proposed method will be discussed in the Section III.
III. THE POLARIZATION AND QUADRATURE PIXEL CLUSTER PHOTOCURRENT MODEL
The pixels of proposed HPC cluster operate in the linear mode that presents a good sensitivity towards low light intensities, and a reduced dynamic range towards high light intensities [16] . In the SPICE simulator, the pixel photodiode PD was modeled according to the schematic shown in Fig. 9 . In Fig. 9(b) , Rs is the PD series resistance, Rsh is the PD shunt resistance, Iph is the PD photocurrent, Idark is the PD current level at dark condition and Cj is the PD junction capacitance. For these analyses, the noise contributions, current In in the Fig. 9 (b), were not taken into account. The photocurrent Iph is the current generated by the photons reaching the depletion region of the PN junction [17] that in this case is a function of the pixel grating, and of the light polarization, incident angle and intensity.
The light output information is transduced and treated as a voltage or current signal. It was chosen to work with voltage as the output signal, similar to that shown in Fig. 10 where all phases of the linear mode CMOS APS operation cycle can be observed. The linear mode CMOS APS operating cycle can be divided into three different periods: the reset time, the exposure time and the sampling time [17] . BSIM3v3 simulations were performed with an active pixel sensor in a standard 6-metal 1-poly CMOS 0.18 μm technology. The operating cycle was of 2.5 ms, the reset pulse was of 1.8 V with length of 0.1 ms. The exposure time, also called integration time, was of 2.4 ms and the sampling time was at 2.2 ms. The voltage output generated by the dark current, called the Dark Voltage, as well as the voltage output generated by higher light incidence, called Intensity Voltage, are shown in Fig. 10 . All the intermediate plots are dependent upon the pixel grating, light intensity, polarization, and incident angle. The light incident angle varies from -45º to +45º, used in the QPC, PPC and HPC, considering 0º as the inclination perpendicular to the PD surface, as shown in Fig. 4 . In addition, the light polarization was varied from 0º to 90º for the pixels B and D, used in the PPC and HPC and from -45º to +45º for the pixel C, used in the PPC. Other simulation parameters are given in Table I . The first simulated cluster was the PPC [10, 15] . It works based on the principle of polarization by absorption. When the light strikes with its electric field vector parallel to the chains, electric currents are generated along the chains and the energy of light is absorbed, just as the waves are absorbed by the microwires [18] . If the electric field is perpendicular to the grids, the maximum light is transmitted, as can be observed in Fig. 11 . The light irradiated along the transmission axis of a polarizer reaches the surface of the photodetector PD according to the Malus's law [18] , in which the maximum irradiance is given by:
Where  is the angle between the maximum electric field and the transmitter axis of the analyzer, and I(0) is the initial irradiation incident on the grid. In the case of the wire polarizer, the transmission axis of the grid is perpendicular to the microwaves. Iph in Fig. 9(b) is modeled to be proportional to the square of the cosine of the angle and the area of the photodiode. Moreover, a cosine factor multiplier pro-portional to the angle of incidence was added according to Lambert's cosine law [15] .
The pixel A of the PPC cluster is one completely uncovered and this one receives the entire external incident light. Apart from the grating scheme, the circuit topology of each PPC pixel is the same as that presented in Fig. 6 .
In pixel B with horizontal grids, the maximum transmission will take place when the light is polarized at 90º and in pixel D with vertical grids, the maximum transmission will occur when the light is at 0º. In the grid arranged at -45º, the maximum transmission will occur when the polarization of the light is 90º displaced, i.e., at 45º with respect to the orientation of the 0º polarized light reference (Fig. 3) . Therefore, the variation was from -45º to +45º for the PPC pixel C.
The second simulated cluster was the QPC, presented in Fig. 12 . This is a 3D view of the cluster with δ C variation of the light incidence in the photodiode [10, 13, 14, 15] , consisting of a block of metal on the top of the four photodiodes in such a way that the area which receives the incidence of light is proportional to the light incident angle. As detailed in [14] , in this cluster, the direction of incident light is determined as follows:
From [14] :
where W is the width of the photodiode and A is the area of the photosensitive region.
where X C0 and X D0 are the photodiode widths that are covered by the metal and do not receive light when the light source falls normal to the pixel, A shC and A shD are the shaded area below the metal block for pixels C and D, respectively.
Equations (3) and (4) represent the areas that were covered by the metal block, and consequently, were without incidence of light.
By the Snell's law, one has:
where α is the light incident angle at the air/SiO 2 interface and β is the corresponding angle inside the SiO 2 .
When light falls at non-zero angles, there is an increase or decrease in the area that receives the light incidence, given by:
The value T imε is the height between the silicon and the bottom of the metal of layer M and T M is the thickness of that layer. Combined the previous expressions (5) and (6), we can write:
Also of (5) and (7), we have: The covered C and D areas are then:
Knowing that the total area is given by A, and the areas without shade, that is, that receive light, will be given by:
where A ushC and A ushD are the unshaded area for pixels C and D, respectively.
These mathematical expressions were embedded in the Iph photocurrent model, enabling thus the simulation of the QPC according to a topology similar to that shown in Fig.  12 , using the schematic of the Fig. 9(b) and SPICE nomenclature.
The simulation results from the QPC and PPC enabled the simulation and analyses of the proposed the Hybrid Polarization Cluster, HPC, in which the pixels A and C were the same as those of the QPC and the pixels B and D were the same as those of the PPC horizontal and vertical grated pixels. Apart from the grating scheme, the circuit topology of each HPC pixel is the same as that presented in Fig. 6 . The schematics with the topologies of PPC, QPC and HPC are shown in Figures 13, 14 and 15 , respectively.
IV. STOKES PARAMETERS AND DEGREE OF POLARIZATION
The parameters S 0 , S 1 , S 2 and S 3 , [3, 4, 18, 20] are known as the Stokes polarization parameters for a plane wave. The polarization state of an electromagnetic wave can be conveniently described by this set of parameters. They were first introduced in optics by Sir George Gabriel Stokes in 1852. The Stokes parameters are real quantities and are simply the variables observables and measurable of the polarization ellipse and hence the optical field [19, 20] . It is one of the more versatile representation of the polarization state of any light wave as completely polarized, unpolarized and partially polarized light. They are been successfully applied in many fields of the science such as: material classification, 3D surface reconstruction, biomedical diagnosis, industrial inspection, environmental monitoring, marine detection, remote sensing, military reconnaissance, etc.
The first Stokes parameter S 0 is the total light intensity with the unfiltered intensity value [6] . The parameter S 1 describes the amount of linear or vertical linear polarization. The parameter S 2 describes the amount of linear polarization +45° or -45°(135°). Finally, and parameter S 3 describes the amount of right or left circular polarization contained in the beam. It's possible to observe that the four Stokes parameters are expressed in terms of intensity, and again it's emphasized that the Stokes parameters are real quantities measurable and provide the properties of light. [3, 19, 20] .
The Stokes parameters are computed based on the intensity measurements from the photodiodes and are presented by equations (14)- (18) where I 0º is the intensity of the light after passing through a linear polarizer of 0º, I 90º is the intensity after a linear polarizer of 90º and the same for the 45º and 135º. Thus, the parameters can be given by: 
The values of the normalized Stokes parameters for six common polarization states are given in table II below. The circular polarization component S 3 describes the excess of left-hand circularly polarized portion over the righthand circularly polarized portion, which will not be used in this work.
In the works of [6, 21, 22] , they show that the Stokes parameters can be expressed by the following expressions: 
With the Stokes parameters, it's possible to determine the degree of polarization (DoP) of any optical signal directly through its S components. The DoP quantifies the fraction of the optical signal that is really polarized, and the DoP of a fully polarized optical signal is equal to the unit, while the DoP of a non-polarized optical signal is zero, given by (22) :
If a beam of light is linearly polarized, the circular and elliptical polarizations are zero. Its degree of polarization is therefore often referred to as linear polarization degree (DoLP). The degree of linear polarization of a light beam is defined by (23) .
In order to obtain all optical properties of partially polarized light, three parameters are important: wave intensity, degree of linear polarization (DoLP) and polarization angle (AoP). The vector AoP can be represented by (24) .
V. SIMULATIONS RESULTS
The output simulation for the pixel with horizontal grid of the PPC, pixel B, when it receives light polarized from 0º to 90º with the incidence angle varying from -45º to 45º yield results similar to those presented in Fig. 10 .
From the sampling points, the output voltage plot of the pixel against the dark condition is given in Fig. 16 . The maximum light transmission was obtained when the light polarization was of 90º and the minimum light transmission was obtained when it was 0º. These results are compliant with experimentally data reported in the literature [15] . The simulation results in which the pixel C with diagonal grid with -45º orientation, receives light polarized from -45º to 45º and having the same previous incidence angle variation from -45º to 45º are presented in Fig. 17 . When the light polarization was of 45º, the maximum transmission of light was obtained, and when it was of -45º, that is parallel to the grids, the minimum transmission of light was obtained.
The simulation results for the pixel D with horizontal grids are presented in Fig. 18 . In this case, the maximum transmission takes place when the light is polarized at 0º and the minimum light transmission when the light is polarized at 90º. These results are the same experimentally data reported in the literature [15] . Despite not part of the PPC, the plot of the output voltage of a pixel E (equal to the upper left side of the Fig. 1 ) with a diagonal grid with 45º orientation was also simulated for further investigation and the result are shown in Fig. 19 : In the case of the QPC, the plot of the output voltage of pixel A, pixel B and the difference between A and B are shown in Fig. 20 . The difference between the two output signals has a better sensitivity because the range varies from -0.2 to 0.2 V and it makes the inclination angle measurable by varying from -45º to 45º. Similar results are obtained when choosing pixels B and C, the plots of which are shown in Fig. 21 . In this case, the difference between A and B gives the information of the angle of inclination in the direction x, while the difference between C and B gives the information in the y-axis. The PPC together with the QPC results for the light with polarization of 90º and with range of incident angle varying from -45º to 45º are plotted in Fig. 22 . These results are compliant with those presented in [15] . We can observe that the model shows accuracy with respect to the experimental data obtained by [15] . In this way, the model becomes reliable. Concerning the proposed HPC solution, the output voltages for the pixel in the dark condition, the pixel A, the pixel C, the difference between them, and the sum of both results are plotted in Fig. 23 . These results show that the HPC pixels A and C behave in the same way as the QPC pixels. The result of the sum of both output signals shows that these pixels can replace the effect of the original PPC intensity measurement pixel, pixel A in Fig. 2(a) . The difference between both pixels output still indicates the light incident angle. Fig. 26 are similar to those presented in Fig. 22 , confirming that the proposed compact pixel cluster HPC is able to replace all the effected produced by the PPC and the QPC, while bringing further advantages previously described in the text. Fig. 30 shows the result of an additional pixel E, with 45º orientation. The range of incidence angle was -45º to 45º with step of 5º and the incidence angle of polarization was 0º until 360º with step of 15º. The HPC have not the pixel C of the PPC and neither the pixel E in your structure. In this case, it has only the response of the Figures 27 and 29 in the proposed hybrid pixel. In Fig. 31 is shown the response of four pixels with polarizing filters spaced 45 degrees of rotation, i.e., the pixels B, C, D of PPC and the additional pixel E previously mentioned, similarly to the Fig.1 . Thus, it is possible to have the representation of the intensities of all pixels of Fig. 1 , considering the Normal angle of incidence to surface of the cluster and varying the po-larization angle in the range of 0º until 180º with increments of 5º and incidence angle fixed in 0º. This result is in agreement with the results of the literature [11] [23] [24] [25] . The values of the Fig. 31 are a particular case of Figs. 27, 28, 29 and 30, i.e., these plots are those in which the angle of incidence of light is perpendicular (0 degree) to the surface of the CMOS sensor. In this case, there are only the variations of the angle of polarization inside on the pixel.
From the simulation and use of equations (14) to (21) , it was possible to obtain the normalized Stokes parameters. With the simulation of PPC, it's possible to determine the parameters S 0 , S 1 and S 2 with the set of equations (15) to (17) , or with equations (19) to (21), both have the same result in the simulation. But to find the parameter S 2 , there is a need for a 45º pixel (equal to the pixel C of the PPC) that is not part of this first HPC model. Thus, all terms which depend on the parameter S 2 have not been computed by HPC. However, other models of clusters are being analyzed to contemplate this feature.
The authors intend to include in future works the effect of noise in the model and will to compare it with the experimental results after to fabricate the cluster of pixels proposed. They are doing digital image processing to extract a three-dimensional image and Stokes parameters from polarized images.
VI. CONCLUSIONS
In this paper was presented a compact pixel cluster with the ability to detect local light intensity, local incident angle, local light polarization and partial Stokes parameters. The hybrid pixel cluster embeds the functionality of the two different pixel clusters presented in the literature, the polarization pixel cluster and the quadrature pixel cluster. The biggest advantage of the proposed pixel cluster is its potential to produce a virtual full resolution imager array. Whereas, the biggest disadvantage of the proposed pixel cluster is the need of employing more than one pixel to determine the local light intensity level. The presented simulation results show that the proposed hybrid pixel cluster, based on simple modifications of well-established pixel cluster topologies, leads to an improved CMOS image sensor for depth sensing and 3D image reconstruction purpose at no additional fabrication cost.
